The Red Sea Atlantis II brine pool is an extreme environment that displays multiple harsh conditions such as high temperature, high salinity and high concentrations of multiple, toxic heavy metals. The survival of microbes in such an environment by utilizing resistant enzymes makes them an excellent source of extremophilic enzymes. We constructed a fosmid metagenomic library using DNA isolated from the deepest and most secluded layer of this pool. We report the isolation and biochemical characterization of an unusual esterase: EstATII. EstATII is thermophilic (optimum temperature, 656C), halotolerant (maintains its activity in up to 4.5 M NaCl) and maintains at least 60% of its activity in the presence of a wide spectrum of heavy metals. The combination of biochemical characteristics of the Red Sea Atlantis II brine pool esterase, i.e., halotolerance, thermophilicity and resistance to heavy metals, makes it a potentially useful biocatalyst. U ntil recently and despite its uniqueness, the Red Sea has received little attention compared with other marine environments. The Red Sea formed 3-5 million years ago when the Arabian and African plates began to split 1 , and it is characterized by high temperature and salinity due to the high rate of evaporation, lack of major river inflows and low rate of rainfall. The Red Sea is characterized by the presence of deep-sea, hypersaline anoxic basins called brine pools, which are large bodies of water at the bottom of the ocean that are characterized by high temperature and salinity. To date, 25 brine pools have been found in the Red Sea 1, 2 . Atlantis II Deep (Figure 1 ) is the largest brine pool in the Red Sea, and it has the highest temperature and is the most dynamic 1, 3 . This brine pool has a maximum depth of 2,194 m and is stratified into several layers that increase in temperature and salinity with increasing depth: the brine-seawater interface, the upper convective layer, the middle convective layer and the lower convective layer (LCL) 1, 3 . The lowest layer, LCL, is characterized by a temperature of 68.2uC, pH value of 5.3 and salinity of 270 psu, which is 7.5 times that of normal seawater 1, 3 . Atlantis II Deep is nearly anoxic and contains high concentrations of iron, zinc, copper and other heavy metals 1, 3 . Together, these extreme conditions make the Atlantis II brine pool an attractive site for mining for biocatalysts, such as lipolytic enzymes, which are predicted to possess desirable traits that include but are not limited to thermo-tolerance, halo-tolerance, pH plasticity and resistance to inhibition by heavy metals.
U ntil recently and despite its uniqueness, the Red Sea has received little attention compared with other marine environments. The Red Sea formed 3-5 million years ago when the Arabian and African plates began to split 1 , and it is characterized by high temperature and salinity due to the high rate of evaporation, lack of major river inflows and low rate of rainfall. The Red Sea is characterized by the presence of deep-sea, hypersaline anoxic basins called brine pools, which are large bodies of water at the bottom of the ocean that are characterized by high temperature and salinity. To date, 25 brine pools have been found in the Red Sea 1, 2 . Atlantis II Deep (Figure 1 ) is the largest brine pool in the Red Sea, and it has the highest temperature and is the most dynamic 1, 3 . This brine pool has a maximum depth of 2,194 m and is stratified into several layers that increase in temperature and salinity with increasing depth: the brine-seawater interface, the upper convective layer, the middle convective layer and the lower convective layer (LCL) 1, 3 . The lowest layer, LCL, is characterized by a temperature of 68.2uC, pH value of 5.3 and salinity of 270 psu, which is 7.5 times that of normal seawater 1, 3 . Atlantis II Deep is nearly anoxic and contains high concentrations of iron, zinc, copper and other heavy metals 1, 3 . Together, these extreme conditions make the Atlantis II brine pool an attractive site for mining for biocatalysts, such as lipolytic enzymes, which are predicted to possess desirable traits that include but are not limited to thermo-tolerance, halo-tolerance, pH plasticity and resistance to inhibition by heavy metals.
Industrialized societies are moving toward white (industrial) biotechnology, which has proven to be environmentally sound and commercially efficient 4 . Doing so poses a continuous demand for novel biocatalysts, preferably biocatalysts that demonstrate high activity over a wide range of conditions such as temperature, salinity, pH and metal concentrations. Biocatalysts of microbial origin represent the majority of biocatalysts that are used in industrial and biotechnological processes 5 , due to the ability of prokaryotes to populate and adapt to different environments. For example, we can derive a wide array of biocatalysts that are robust (within a flexible range of conditions) from regions such as hydrothermal vents and Antarctic desert soils. These characteristics make these enzymes desirable for industry 6 . Metagenomics is a powerful tool for accessing the genomes of the unculturable majority of prokaryotes and to investigate their potential as sources of novel biocatalysts. This technology has led to the identification and characterization of a vast number of biocatalysts that are active under a wide range of conditions reflecting the environment from which they originate, thus making them desirable for industrial use [7] [8] [9] [10] . Microbial lipolytic enzymes possess a huge potential as industrial biocatalysts. These enzymes are characterized by substrate specificity and regio-and enantioselectivity that surpass that of any other enzyme, which makes their application potential boundless 11 . Using lipolytic enzymes in industrial and biotechnological applications is estimated to be a billiondollar business 12 . The applications of these enzymes include but are not limited to leather manufacturing, flavor development in the dairy industry, oil biodegradation and the synthesis of pharmaceuticals and chemicals [12] [13] [14] [15] . Here, we report the isolation and biochemical characterization of an unusual esterase, EstATII, from the LCL of the Atlantis II brine pool.
Results
Screening the metagenomic library for lipolytic activity. The constructed fosmid library comprised 10,656 clones that were manually placed into 111 96-well plates for ease of handling. Functional screening of the fosmid library on tributyrin agar detected five recombinant clones that formed a clear halo zone indicative of putative lipolytic activity.
Sequencing, identification and sequence analysis. Fosmids of the five positive, recombinant clones were pyrosequenced to identify the genes responsible for the putative lipolytic activity. Following assembly, four large contigs (.10 kb) and seven smaller contigs (ranging from 1.4-4.9 kb) were obtained; the largest contig obtained was ,32 kb (Table 2) . A 945-bp ORF encoding a putative esterase/lipase (designated EstATII) was identified. The maximum identity to sequences in the database was 65%, which was with an alpha/beta hydrolase domain-containing protein from Pseudomonas mendocina. The highest identity to a lipolytic enzyme in the database was 56% to an esterase from Pseudomonas aeruginosa. EstATII was the only lipolytic enzyme that was detected; however, other sulfatase-encoding ORFs were detected that could be responsible for false-positive activity, as previously reported 22 . EstATII consists of 945 bp, which corresponds to 314 amino acids. A domain search was conducted using the CD-search tool and detected an alpha/beta hydrolase fold domain [Pfam ID: pfam07859], which is the catalytic domain that is found in members of the alpha/beta hydrolase family, between residues 85 and 286. An esterase/lipase domain (cd00312) was also detected. In addition, two prokaryotic Clusters of Orthologous Groups (COGs) were identified, namely, COG0657 and COG2272, which are involved in lipid metabolism.
The catalytic triad residues, Ser160, Asp204 and His282, were identified in EstATII, and the catalytic, nucleophilic residue Ser160 was found in the consensus pentapeptide GDSAG, which is characteristic of the hormone-sensitive lipase (HSL) family. Another motif characteristic of the HSL family (HGG), which contributes to the formation of the oxyanion hole, was also identified in the sequence (Figure 3 ). EstATII was predicted to be soluble because a signal peptide was not detected. A transmembrane domain was identified using the TMAP program 23 , and this domain consisted of a stretch of 24 amino acids at the N-terminal side of amino acids 29-52 (data not shown). The membrane-imbedded domain was repeatedly reported in other identified esterases 24 . Bacterial lipolytic enzymes were classified into eight families by Arpigny and Jaeger in 1999 17 . To determine whether EstATII is classified as a member of one of these families, a multiple sequence alignment of EstATII with 43 sequences of bacterial lipolytic enzymes, representing the eight families, was performed. A phylogenetic tree was then constructed, and EstATII was grouped with members of family IV, which is also known as the HSL family ( Figure 2 ).
Overexpression and purification of EstATII. To investigate the biochemical characteristics of EstATII, the gene was expressed as an N-terminal, His-tagged recombinant protein in the expression vector pET-SUMO in E. coli BL21 (DE3) cells. The overexpressed protein had the expected molecular weight of 46 kDa, and western blot analysis of the purified protein revealed a single band of the expected size (Figure 4 ).
Biochemical characterization of EstATII. Effect of temperature and pH on the EstATII activity. The effect of temperature on the activity of EstATII was assayed at temperatures ranging from 30uC to 80uC. The activity of the enzyme increased reproducibly with increasing temperature until 65uC, after which the activity began to decrease. High activity of the enzyme (.70%) was observed at temperatures ) was used to construct a phylogenetic tree. EstATII groups with members of family IV, also known as the HSL family. The confidence level of the tree was estimated by permutations (10,000 replicates), and the tree was constructed using MEGA 5. The scale represents the number of amino acid substitutions. ranging from 45uC to 75uC. The apparent optimum temperature of EstATII is 65uC; however, the enzyme remained active even after reaching 80uC (Table 3) .
The effect of pH on the activity of EstATII was assayed within a range of 3-9. The enzyme exhibited significant activity (.50%) at pH 7-9, and the highest activity occurred at pH 8.5. No activity was observed at pHs lower than 5.5 ( Table 3) .
Effect of the NaCl concentration on the EstATII activity. The EstATII activity was assayed at different molar concentrations of NaCl ranging from 0 M to 4.5 M. The enzyme exhibited the highest activity in the presence of 2 M NaCl; however, the enzyme activity was maintained in up to 4.5 M NaCl (Table 3) .
Substrate specificity of EstATII. To assess whether EstATII is a lipase or an esterase, its substrate specificity was investigated using an array of p-nitrophenol esters with various chain lengths. EstATII was active toward short-chain fatty acid esters (C2, C4 and C5); however, it showed no activity toward long-chain fatty acid esters (C10, C12, C14 and C16), which indicated that EstATII is an esterase and not a lipase 25 (Table 3) .
Effect of metal ions on the EstATII activity. The effect of metal ions was assessed with and without EDTA chelation. The enzyme activity was not affected by EDTA chelation, suggesting that EstATII is not a metalloenzyme 10 . The enzyme activity was promoted by Ba 21 (158%), Mg 21 (111%) and Co 21 (104%), and the enzyme was resistant to inhibition by the remainder of the tested metal ions, i.e., the activity remained above 60% (Table 4) . Upon investigating the effect of heavy metal ions on the activity of EstATII compared with other esterases (thermophilic and mesophilic), it was noticed that Cu 21 , Zn 21 and Hg 21 exhibited a strong inhibitory effect (.50%) on the activity of most esterases that were included in the comparison (Table 4) . Although EstATII displayed significant resistance to all heavy metal ions that were tested, resistance to these three heavy metals is of particular interest due to their strong inhibitory effect on most of the identified esterases.
Effect of detergents, reducing agents and modifying agents on the EstATII activity. The effect of detergents (ionic and non-ionic) was tested at two concentrations: 0.1% and 1%. At 0.1%, Tween 80 exhibited no effect on the enzyme activity; Triton X-100 and Tween 20 were tolerated by the enzyme (42.3% and 87.5% activity, respectively), while SDS dramatically reduced the enzyme activity to 6%. At 1%, EstATII was tolerant to the effects of Tween 20 and 80 (40.1% and 54.5% activity, respectively), while SDS and Triton X-100 abolished the enzyme activity. The reducing agent b-mercaptoethanol (at a final concentration of 1 mM) increased the enzyme activity to 117.9%, while 1-mM DTT slightly reduced the enzyme activity to 78.9%. DEPC, the histidine-residue modifier, reduced the activity by one-half, and this result was in agreement with the involvement of a histidine residue in the catalytic triad (Table 3 ).
Discussion
We have identified an unusual esterase (EstATII) from the LCL of the Red Sea Atlantis II brine pool in the Red Sea, using a function-based approach. Sequence and phylogenetic analyses of EstATII revealed that it is a new member of the HSL family (Family IV). EstATII was grouped with members of the HSL family and was found to harbor conserved motifs that are characteristic of this family. A wide range of p-nitrophenol esters with various chain lengths ( Table 3 ) was used to identify EstATII as an esterase.
To address the biotechnological potential of EstATII as a biocatalyst, we compared it to 23 recently studied, thermophilic and mesophilic esterases ( ; and Est_p1 from a metagenomic library of neritic sediments of the South China Sea 34 . The characteristics of the Red Sea Atlantis II (EstATII) enzyme reflect the environment from which it was isolated. The enzyme is thermophilic (optimum temperature, 65uC). Although some previously studied thermophilic esterases exhibit higher optimal temperatures (e.g., esterases that were isolated from G. obscures 26 and Anoxybacillus gonesis A4 35 ), these esterases were less active in the presence of Cu 21 , Zn 21 , Mn 21 and Hg 21 (Table 3 ). It is noteworthy that EstATII maintains significant activity at a wide range of temperatures, from 30-80uC (Table 3) , is halotolerant (optimum activity at 2 M NaCl) and maintains activity in up to 4.5 M NaCl.
In addition and of particular interest, EstATII displays significant resistance to inhibition by all heavy metal ions that were tested in this work (Ca 21 ). In particular, it was found that most of the compared esterases were particularly inhibited by three of the tested metal ions: Cu 21 , Zn 21 and Hg 21 . In our comparison, an enzyme was considered significantly inhibited by a given heavy metal ion if its relative activity dropped below 50%. Copper significantly inhibited 37.5% of the thermophilic esterases and 46% of the mesophilic esterases (,43% of all esterases included for comparison). Zinc inhibited 60% of the thermophilic esterases and 75% of the mesophilic esterases (,68% of all esterases included for comparison). Mercury significantly inhibited ,71.5% of the thermophilic esterases and 100% of the mesophilic esterases (,78% of all esterases included for comparison). Nineteen of the 23 esterases that were presented in our analysis exhibited significant inhibition by at least one of these three heavy metal ions. Only 4 esterases displayed resistance to inhibition by all the tested metal ions: EstATII (this study), EstR (isolated from Ralstonia sp. M1, thermophilic, optimum temperature of 60uC) 36 , EstA (isolated from a metagenomic library from the South China Sea, mesophilic, optimum temperature of 45uC) 37 and EstH112 (isolated from the metagenome of a Korean intertidal flat sediment, mesophilic, optimum temperature of 35uC) 38 . However, EstATII has higher activity than EstR in the presence of 1 , and, as stated, EstA and EstH112 are mesophilic enzymes.
Therefore, the Red Sea Atlantis II esterase EstATII displays a combination of extremophilic properties. It is thermophilic, halotolerant and maintains significant activity in the presence of heavy metals. These characteristics make it a potentially useful biocatalyst. Additionally, the present study provides a promising example of utilizing sequence-based and activity-based metagenomics in mining for potential industrial biocatalysts.
Methods
Sample collection, DNA isolation and fosmid library construction. Water samples were collected from the Atlantis II brine pool's LCL during the KAUST Red Sea 2010 expedition (Latitude [N] 21u and Longitude [E] 38u). Collected water samples were immediately processed by serial filtration using mixed cellulose ester filters (nitrocellulose/cellulose acetate, Millipore, Ireland) with pore sizes of 3, 0.8 and 0.1 mm. Filters were stored in sucrose buffer until DNA extraction. DNA extraction from the 0.1-mm filters was performed as previously described by Rusch et al 16 , and the fosmid library was constructed using the Copy Control Fosmid Library Production Kit (Epicentre). The metagenomic DNA was sheared, and ,40-kb DNA fragments were selected and subsequently cloned into fosmids and transformed into Escherichia coli host cells. The constructed library (fosmid vector pCC2FOS) was spread over 11 large agar plates. Next, individual colonies were picked, and each colony was transferred to one well of 96-well ELISA plates, such that each well contained only one fosmid-resulting in 111 96-well ELISA plates with 10,656 clones.
Functional screening for lipolytic activity, sequencing and identification of lipolytic genes. Transformants were grown on LB agar plates supplemented with 12.5 mg chloramphenicol/mL and 1% Tributyrin (Sigma-Aldrich). The plates were incubated at 37uC for 3 days, and the appearance of a clear halo zone around a transformant was indicative of candidate lipolytic activity. Candidate transformants were selected for fosmid isolation using the WizardH Plus SV Minipreps DNA Purification System (Promega).
Fosmids were digested using BamHI to assess their diversity (data not shown) and were subjected to pyrosequencing using the GS FLX Titanium pyrosequencer (454 Life Sciences). Table 1 summarizes the pyrosequencing data. The obtained sequences were assembled using a GS FLX de novo assembler, and open reading frames (ORFs) were identified using the ORF Finder tool (http://www.ncbi.nlm.nih.gov/gorf/gorf. html) that was provided by the National Center for Biotechnology Information (NCBI). The putative function of each ORF was annotated by comparing the amino acid sequences to the non-redundant protein database using BLASTP.
Sequence analysis and phylogenetic tree construction. A domain search was conducted using the Conserved Domain (CD)-search tool that was provided by NCBI (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), and prediction of signal peptide sequences was performed using SignalP 3.0 servers. For the phylogenetic analysis, sequences of 43 bacterial lipolytic enzymes (representing the eight families of bacterial lipolytic enzymes as classified by Arpigny and Jaeger in 1999 17 ) were retrieved from the NCBI protein database. The 43 selected enzymes are displayed in Figure 2 . Multiple sequence alignment of the retrieved sequences with EstATII was performed using the ClustalW version 1.83 program 18 , and a phylogenetic tree was constructed using the neighbor-joining method and the MEGA version 5.05 19 software. Bootstrapping (10,000 replicates) was used to estimate the confidence of the tree.
Cloning of the EstATII gene. The EstATII gene was amplified using the forward primer (EstF) 59-ATG TCC AGG TAC GTT GAT GAG C-39 and the reverse primer (EstR) 59-TCA GCT TAC CGA GTC GGT CT-39 using DreamTaq polymerase (Fermentas). The primers were designed based on the 945-bp ORF of Contig 1 (Table 2) , which was annotated as a putative lipolytic sequence by BlastP. The amplified fragment was cloned into the pET-SUMO vector (Champion TM pET SUMO Protein Expression System kit, Invitrogen) according to the manufacturer's instructions. Recombinant plasmids were transformed into E. coli BL21 (DE3) chemically competent cells, and colony PCR using the gene primers was performed to verify the presence of the insert, while colony PCR using the gene's forward primer and the vector's reverse primer was performed to verify the orientation of the gene.
Overexpression and purification of the recombinant EstATII enzyme. E. coli BL21(DE3) cells (200 mL) harboring the pET-SUMO/EstATII plasmid were grown in LB at 37uC until the culture reached an OD 600 5 0.4-0.6. The culture was then induced by adding isopropyl-b-D thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM and further incubated for 3 hours at 37uC. The cells were harvested by centrifugation at 10,000 3 g for 15 min at 4uC. The purification procedure was performed using the His SpinTrap TM (GE Healthcare) according to manufacturer's instructions, and the purified protein was dialyzed using 50 mM NaH 2 PO 4 buffer, pH 8.0, analyzed by SDS-PAGE and stored at 4uC until further use. Protein isolation was confirmed by western blot analysis using an anti-His-G antibody (Invitrogen).
Characterization of EstATII. Enzyme activity was determined by measuring the formation of p-nitrophenol (pNP) from the enzymatic hydrolysis of the pnitrophenyl ester, p-nitrophenyl butyrate (Sigma-Aldrich). The reaction mixture contained p-nitrophenyl butyrate (pNPB) at a final concentration of 0.1 mM and 50 mM Tris-HCl, pH 8. In this study, the standard reaction was conducted at 65uC, initiated by the addition of EstATII and terminated by the addition of 10% SDS. Measurements were performed at 410 nm using an UV-spectrophotometer (Ultrospec 3100 pro, Amersham Biosciences) unless stated otherwise 20 . All experiments were performed in triplicate. The substrate specificity of EstATII was determined using p-nitrophenol esters with varying side chain lengths. The shortchain fatty acid esters that were used included PNP-acetate (C2), PNP-butyrate (C4) and PNP-valerate (C5); the long-chain fatty acid esters that were used included PNPdecanoate (C10), PNP-dodecanoate C12, PNP-myristate (C14) and PNP-palmitate (C16). The optimum temperature for the activity of EstATII was determined to be within a temperature range of 30-80uC. The optimum pH for the activity of EstATII was determined to be within a pH range of 3-9.5 using the following buffers: 50 mM sodium acetate (pH 3-5.5), 50 mM sodium phosphate (pH 6 and 7.5) and 50 mM Tris-HCL (pH 7.5-9.5). Formation of pNP was measured at 348 nm (the pHindependent, isosbestic wavelength of pNP) 21 . The effect of the NaCl concentration on the enzyme activity was measured at different NaCl concentrations (0-4.5 M) under standard assay conditions. To assess the effect of metal ions on the enzyme activity, cations were added at a final concentration of 1 mM, and the relative activity was measured using the above-described, standard conditions. The effects of detergents (at final concentrations of 0.1 and 1%) and inhibitors (final concentration, 1 mM) on the enzyme activity were tested using the above-described standard assay conditions.
GenBank accession number for the EstATII gene. KC958722
